Introduction {#Sec1}
============

Ebola virus (EBOV) is an enveloped, negative single-stranded RNA virus that belongs to the *Filoviridae* family^[@CR1]^. Of the 5 species in the *ebolavirus* genus, EBOV has been responsible for 4 of the 5 most serious Ebolavirus outbreaks^[@CR2]^. In particular, the 2013--2016 epidemic of EBOV in West Africa caused more than 28,600 human infections and over 11,300 deaths^[@CR3]^. The high fatality rate associated with Ebolavirus infection, and lack of an effective approach for prevention or treatment, signify the importance and urgency of developing an efficacious vaccine strategy to protect against human outbreaks. A number of vaccine strategies have been under development and were shown to protect small laboratory animals with various efficacies^[@CR4]--[@CR6]^. Further evaluation of several vaccines for protection against EBOV infection of non-human primates has yielded highly promising results. These include viral-vector based vaccines such as recombinant adenovirus replicons^[@CR7]^, recombinant VSV^[@CR8]^, recombinant parainfluenza virus^[@CR9]^, recombinant Venezuelan equine encephalitis virus replicon particle^[@CR10]^, and protein-based vaccines such as virus-like particles (VLPs)^[@CR11],[@CR12]^. Of note, studies using different vaccine platforms in NHPs have shown that effective protection correlates closely with vaccine-induced serum antibody levels against the EBOV surface glycoprotein GP^[@CR13],[@CR14]^, underscoring the importance of this response in mediating protection against EBOV infection. In response to the 2013--2016 EBOV epidemic, a number of EBOV vaccine candidates entered clinical trials, most of which are viral vector-based vaccines^[@CR3],[@CR15]^. Notably, a recombinant VSV-based vaccine expressing EBOV GP was used in a ring vaccination Phase III trial in Guinea and shown to be highly efficacious against EBOV infection and transmission^[@CR16]^, demonstrating that EBOV epidemics can be potentially controlled by vaccination. However, the cold-chain requirement for transportation and storage of the viral vector-based EBOV vaccines poses significant logistical challenges for distribution and application of these vaccines.

Currently, vaccinations are commonly administered via intramuscular (IM) or subcutaneous (SC) injection of vaccines, which are prepared in solution and need to be stored under frozen or refrigerated conditions to maintain their stability. Over the last decade, microneedle (MN) patches have been under development as a new vaccine delivery technology for skin vaccination. MN patches have been fabricated using methods adapted from the microelectronics industry and investigated as novel devices to facilitate intradermal (ID) delivery of drugs and vaccines^[@CR17],[@CR18]^. We and others have previously demonstrated that ID delivery of influenza vaccines using patches containing solid metal MNs or dissolving MNs have the ability to generate potent and effective immune responses equivalent or superior to IM injection, and to protect vaccinated animals against lethal challenge by influenza viruses^[@CR19],[@CR20]^. Further, influenza vaccines in MN patches were found to exhibit superior thermal stability, maintaining their structural integrity and antigenicity after a long period of storage at elevated temperatures^[@CR21]^. More recently, results from Phase I clinical trials of influenza vaccine showed that immunization by MN patch delivery of influenza vaccines was able to induce robust immune responses in humans that are at least equivalent to vaccination by the conventional IM injection method^[@CR22]^. Moreover, the results from these studies showed that influenza vaccines in MN patches retained their antigenicity and potency after storage at 5 °C, 25 °C, and 40 °C for up to 12 months, demonstrating the possibility to eliminate the cold-chain requirement for storage and transportation by this vaccine delivery technology.

In addition to viral vector-based EBOV vaccines, an EBOV GP subunit vaccine also entered a Phase I human clinical trial in response to the 2013--2016 EBOV epidemic^[@CR15]^. This vaccine was based on the wild type full length Makona EBOV GP, which was expressed in Sf9 insect cells with a recombinant baculovirus, and the purified GP trimers were found to self-assemble into spherical particles that are about 36 nm in diameter^[@CR23]^. The EBOV GP subunit vaccine was further shown to induce protective immune responses against lethal EBOV challenge in mice when applied in formulation with a saponin-based adjuvant Matrix-M by intramuscular (IM) injection. We have previously incorporated an EBOV DNA vaccine into a biodegradable polymer particle formulation which showed improved thermostability and stronger immune responses when delivered by MN patch compared to IM injection^[@CR24]^. In the present study, we investigated immunogenicity and protective efficacy of the EBOV GP subunit vaccine administered by using MN patches in comparison with the conventional IM injection method. Our results show that EBOV GP subunit vaccines can be successfully coated onto solid metal MN patches, and that immunization by MN patches induced stronger and longer lasting antibody responses against EBOV GP than IM injection. Further, immunogenicity of EBOV GP vaccines on MN patches can be effectively augmented by formulating with the Matrix-M adjuvant as observed previously for IM injection of the EBOV GP nanoparticle vaccines, and can confer complete protection against lethal EBOV challenge.

Results {#Sec2}
=======

MN patch delivery of EBOV GP subunit vaccines induces stronger and longer lasting antibody responses than IM injection {#Sec3}
----------------------------------------------------------------------------------------------------------------------

We first determined whether EBOV GP subunit vaccines can be coated onto MN patches. Solid metal MN patches were fabricated and coated with EBOV GP as described in Methods. After fabrication and antigen coating, 5 MN patches were randomly selected, and the GP antigens coated on MN patches were extracted by submerse MN patches in PBS. The quantity of GP coated onto MN patches was then determined by a quantitative ELISA. As shown in Fig. [1A](#Fig1){ref-type="fig"}, approximately 1.8 µg of GP were coated onto each MN patch with less than 10% variation, indicating that the EBOV GP subunit vaccines were coated onto MN patches with a high consistency. Further, the GP coated on MN patches were also examined by Western blot in comparison with unprocessed GP, which showed that the process of MN patch production did not affect molecular integrity of GP (Fig. [1B](#Fig1){ref-type="fig"}).Figure 1Characterization of GP subunit vaccines coated on MN. GP subunit vaccines were coated onto MN patches as described in Materials and Methods. Five patches were randomly selected from the production batch and GP proteins were dissolved from MN patches by incubating the MN patches in 200 µl PBS, to determine the amount of GP from each MN patch by a quantitative ELISA and to examine GP molecular integrity by Western blot. (**A**) Quantitative ELISA. GP proteins dissolved from each GP-MN were serially diluted and coated onto the wells of a 96-well plate in triplicates. Serial dilutions of purified GP proteins were also coated onto the wells of the 96-well plate at known concentrations. The amount of GP dissolved from GP-MN was determined by ELISA based on a standard curve generated with purified GP nanoparticles with known concentrations. (**B**) Western blot. GP proteins dissolved from GP-MN were concentrated and the protein concentration was determined by a BCA assay. The dissolved GP proteins (1 µg) were analyzed by SDS-PAGE and Western blot in comparison with 1 µg and 2 µg purified GP nanoparticles. The standard curves generated by GP standard in ELISA and the protein bands corresponding to GP are shown and the full-length gel of the Western blot is provided in Supplementary Information (Suppl. Figure [1](#MOESM1){ref-type="media"}).

To investigate whether GP subunit vaccines coated onto MN patches retain their immunogenicity, we vaccinated mice with GP-MN patches in comparison with IM injection of GP subunit vaccines at the same dose (5 µg), and analyzed vaccine-induced antibody responses against GP. As shown in Fig. [2A](#Fig2){ref-type="fig"}, at two weeks after the second immunization (week 6), immunization by GP-MN induced 4-fold higher levels of antibody against GP compared to IM injection of GP (p = 0.0001). To determine whether antibody responses induced by GP-MN will last over time, blood samples were collected again from the same groups of mice at 16 weeks after the second immunization for analyses (week 20). As also shown in Fig. [2A](#Fig2){ref-type="fig"}, antibody levels against GP in sera from GP-MN vaccinated mice remained at high levels, dropping by about 30% from their peak levels (p = 0.0055). In comparison, antibody levels against GP in GP vaccinated mice by IM injection declined by more than 70% (p = 0.0014). Sera collected from vaccinated mice were also analyzed for their neutralizing activity against EBOV-Makona GP-mediated pseudovirus infection, which is the same virus strain used for GP subunit vaccine production. As shown in Fig. [2B](#Fig2){ref-type="fig"}, both Week 6 sera and Week 20 sera from GP-MN vaccinated mice exhibited higher levels of neutralizing activity against EBOV-Makona GP pseudoviruses than the serum samples from GP-IM vaccinated mice collected at these time points. Statistical analysis showed that significant differences in neutralizing activity were detected at 1:300 but not 1:900 serum dilutions between Week 6 GP-MN and GP-IM sera (p = 0.0355 at 1:300 serum dilution, and p = 0.0837 at 1:900 serum dilution), whereas significant differences were detected between Week 20 GP-MN and GP-IM sera at both 1:300 and 1:900 serum dilutions (p = 0.011 at 1:300 serum dilution, and p = 0.0134 at 1:900 serum dilution). These results showed that MN delivery of GP induced higher levels and longer lasting antibody responses against EBOV GP than the conventional IM injection.Figure 2Comparison of antibody responses against GP induced by GP-MN and GP-IM immunizations. Mice (groups of 5) were vaccinated by MN delivery (GP-MN) or IM injection (GP-IM) of 5 µg GP nanoparticle vaccines twice at 4-week intervals. The control group mice received IM injection of 50 µl PBS. Serum samples were collected at 2 (Week 6) and 16 weeks (Week 20) after the second immunization. (**A**) The levels of GP-specific IgG antibodies were determined by ELISA using purified GP as coating antigen. The antibody concentration was determined from a standard curve and expressed as ng/ml anti-GP antibodies. (**B**) Neutralizing activity of sera was determined by incubating 5 × 10^2^ pfu of GP-pseudotyped virus with serial 3-fold dilutions of serum samples from each vaccinated mouse collected at peak and memory phases. Neutralization was measured as percentage decrease in luciferase expression compared to virus-naive mouse sera controls after 48 hours. Statistical analysis for differences between indicated groups (denoted by "a" through "g") were done by a a two-tailed unpaired t-test. a, GP-MN vs. GP-IM (Week 6), p = 0.0001; b, GP-MN (Week 6) vs. GP-MN (Week 20), p = 0.0055; c, GP-IM (Week 6) vs. GP-IM (Week 20), p = 0.0014; d, GP-MN (Week 6) vs. GP-IM (Week 6) at 1:300 dilution, p = 0.0355; e, GP-MN (Week 20) vs. GP-IM (Week 20) at 1:300 dilution, p = 0.011; f, GP-MN (Week 6) vs. GP-IM (Week 6) at 1:900 dilution, p = 0.0837; d, GP-MN (Week 20) vs. GP-IM (Week 20) at 1:900 dilution, p = 0.0134.

MN delivery of adjuvanted GP subunit vaccines augments induction of antibody responses and stimulation induction of IgG2a antibodies {#Sec4}
------------------------------------------------------------------------------------------------------------------------------------

We further investigated whether immune responses induced by MN-GP subunit vaccines can be augmented by an adjuvant, Matrix-M, which is a saponin-based ISCOMATRIX adjuvant developed by Novavax^[@CR25]^. First, we determined whether GP subunit vaccines in formulation with the Matrix-M adjuvant can be coated onto MN patches. MN patches were dip-coated with GP subunit vaccines in formulation with Matrix-M at a 1:1 ratio, and are designated as GPadj-MN. For comparison, GP-MN patches were produced by coating MN patches with GP subunit vaccines in formulation with PBS at 1:1 ratio. As shown in Fig. [3A](#Fig3){ref-type="fig"}, GPadj-MN contained approximately 0.6 µg GP per patch, while GP-MN contained approximately 0.8 µg GP per patch. It is noted that the amount of GP coated on MN patches in this production batch is lower than the previous production batch (Fig. [1A](#Fig1){ref-type="fig"}), suggesting that dilution of GP during MN coating may exert a significant effect on coating of GP on MN patches. Nonetheless, the amount of GP on each MN patch varied by less than 10% for both GPadj-MN and GP-MN patches. Further, GP from GPadj-MN and GP-MN patches showed similar migration patterns in Western blot analysis as untreated GP subunit vaccines (Fig. [3B](#Fig3){ref-type="fig"}). These results indicate that GP subunit vaccines in formulation with the Matrix-M adjuvant were coated onto MN patches with similar efficiency as unadjuvanted GP subunit vaccines at the same vaccine concentrations.Figure 3Characterization of GP subunit vaccines in formulation with Matrix-M coated on MN. GP subunit vaccines were formulated with Matrix-M adjuvant at a 1:1 ratio (amount of GP vs. amount of saponin) and then coated onto MN patches as described in Materials and Methods. GP-MN were prepared by mixing GP with the same volume of PBS prior to coating onto MN patches. Five patches were randomly selected from the production batch and GP proteins were dissolved from GPadj-MN and GP-MN patches by soaking the patches in 200 µl PBS, to determine the amount of GP from each MN patch by a quantitative ELISA and to examine GP molecular integrity by Western blot. (**A**) Quantitative ELISA. GP proteins dissolved from each GPadj-MN or GP-MN were serially diluted and coated onto the wells of a 96-well plate in triplicates. Serial dilutions of purified GP were also coated onto the wells of the 96-well plate at known concentrations. The amounts of GP dissolved from GPadj-MN and GP-MN were determined by ELISA based on a standard curve generated with purified GP with known concentrations. (**B**) Western blot. GP proteins dissolved from GPadj-MN or GP-MN were concentrated and the protein concentration was determined by a BCA assay. The dissolved GP proteins (1 µg) were analyzed by SDS-PAGE and Western blot in comparison with 0.25 µg, 0.5 µg, 1 µg, and 2 µg purified GP proteins. The standard curves generated by GP standard in ELISA and the protein bands corresponding to GP are shown and the full-length gel of the Western blot is provided in Supplementary Information (Suppl. Figure [2](#MOESM1){ref-type="media"}).

Immunogenicity of GPadj-MN and GP-MN vaccines was evaluated in mice and compared with IM injection of GP subunit vaccines with or without the Matrix-M adjuvant, and blood samples were collected at 2 weeks after the second immunization (Week 6) and analyzed for antibody responses against GP. As shown in Fig. [4A](#Fig4){ref-type="fig"}, immunization with GP-MN induced higher levels of antibody responses against GP than IM injection of GP (GP-IM) without adjuvant (p = 0.0022). Further, antibody responses against GP induced by GPadj-MN increased by about 8-fold when compared with GP-MN vaccines (p = 0.0003). Similarly, formulation of GP subunit vaccines with Matrix-M adjuvant also greatly augmented induction of antibody responses against GP by IM injection (GPadj-IM), to levels that are comparable to those induced by GPadj-MN (p = 0.0552). Further analysis of the IgG subtypes induced by adjuvanted or unadjuvanted GP subunit vaccines showed that without adjuvant, the antibodies against GP in sera from GP-MN and GP-IM vaccinated mice are primarily of the IgG1 subtype (Fig. [4B](#Fig4){ref-type="fig"}), and formulation with the Matrix-M adjuvant increased the levels of IgG1 antibodies against GP by about 4-fold in sera from GPadj-MN or GPadj-IM vaccinated mice (p = 0.0001). Notably, no IgG2a antibodies against GP were induced by unadjuvanted GP subunit vaccines (Fig. [4C](#Fig4){ref-type="fig"}). In contrast, immunization with adjuvanted GP subunit vaccines either by MN patches or by IM injection induced high levels of IgG2a antibodies (p \< 0.0001). These results show that formulation of Matrix-M adjuvant with GP not only drastically increased the levels of antibody responses against EBOV GP but also changed the profiles of the antibody responses from an IgG1 dominated response to an IgG1/IgG2a balanced response.Figure 4Analysis of antibody responses induced by MN or IM delivery of GP subunit vaccines with or without Matrix-M adjuvant. Mice (groups of 5) were vaccinated twice at 4-week intervals by MN delivery (GPadj-MN) or IM injection (GPadj-IM) of GP subunit vaccines in formulation with Matrix-M, or by MN delivery (GP-MN) or IM injection (GP-IM) of the same amount (5 µg) unadjuvanted GP subunit vaccines. The control group received IM injection of 50 µl PBS. Serum samples were collected at 2 weeks after the second immunization, and the levels of GP-specific total IgG (**A**), IgG1 (**B**), and IgG2a (**C**) antibodies were determined by ELISA using purified GP as coating antigen. The antibody concentration was determined from a standard curve and expressed as ng/ml anti-GP antibodies. Statistical analysis for differences between indicated groups (denoted by "a" through "g") were done by a a two-tailed unpaired t-test. a, GP-MN vs. GP-IM (IgG), p = 0.0022; b, GPadj-MN vs. GP-MN (IgG), p = 0.0003; c, GPadj-IM vs. GPadj-MN (IgG), p = 0.0552; d, GPadj-MN vs. GP-MN (IgG1), p = 0.0001; e, GPadj-IM vs. GP-IM (IgG1), p = 0.0001; f, GPadj-MN vs. GP-MN (IgG2a), p = 0.0001; g, GPadj-IM vs. GP-IM (IgG2a), p = 0.0001.

Immunization with adjuvanted GP subunit vaccines by MN patches or IM injection augments induction of neutralizing antibodies that target epitopes outside of the mucin-like domain in GP {#Sec5}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Serum samples from vaccinated mice were further analyzed for their neutralizing activity against EBOV GP pseudoviruses. As shown in Fig. [5A](#Fig5){ref-type="fig"}, sera from mice immunized with unadjuvanted GP subunit vaccines by either MN patches or IM injection neutralized EBOV-Makona GP pseudoviruses at similar levels (p = 0.2561 at 1:900 dilutions), with neutralizing activities dropping below 50% at 1:900 serum dilutions. In comparison, neutralizing activity of sera from mice immunized with adjuvanted GP nanoparticle vaccines by either MN patches or IM injection showed higher levels of neutralizing activity against EBOV-Makona GP pseudoviruses, neutralizing over 70% of pseudoviruses at 1:900 serum dilutions (p = 0.0329 for GPadj-IM vs. GP-IM, and p = 0.0343 for GPadj-MN vs. GP-MN). These results showed that formulation with the Matrix-M adjuvant augmented induction of neutralizing antibodies by MN delivery of GP subunit vaccines similarly to results with IM injection. Sera from vaccinated mice were also analyzed for their neutralizing activity against pseudoviruses with EBOV-Mayinga GP. As shown in Fig. [5B](#Fig5){ref-type="fig"}, sera from GPadj-MN and GPadj-IM -vaccinated mice were able to neutralize about 50% of EBOV-Mayinga GP pseudoviruses at 1:900 dilutions, whereas sera from GP-MN vaccinated mice neutralized about 35% EBOV-Mayinga GP pseudoviruses at 1:900 dilutions, and the differences between these groups are not significant (p \> 0.05). However, sera from GP-IM vaccinated mice only neutralized about 20% of EBOV-Mayinga GP pseudoviruses at 1:100 dilutions, which is significantly lower than other groups (p \< 0.01). EBOV-Mayinga GP differs from EBOV-Makona GP by 20 amino acids, with the majority of the differences (15 amino acids) located in the mucin-like domain. We further investigated neutralizing activity of sera from vaccinated against pseudovirus infection mediated by a mucin-like domain deleted EBOV-Mayinga GP, designated as EBOV-Mayinga GP-MD. As shown in Fig. [5C](#Fig5){ref-type="fig"}, sera from GPadj-MN and GPadj-IM vaccinated mice were able neutralize over 50% EBOV-Mayinga GP-MD pseudovirus infection at 1:300 serum dilutions as compared to sera from the Control Group (p \< 0.01). In contrast, sera from GP-MN and GP-IM vaccinated mice were unable to neutralize EBOV-Mayinga GP-MD pseudoviruses as compared to sera from the Control Group (p \> 0.1). Moreover, sera from GP-IM vaccinated mice were observed to enhance infectivity of EBOV-Mayinga GP-MD pseudoviruses at 1:900 serum dilutions compared to sera from the Control Group (p \< 0.01). Taken together, these results indicate that neutralizing antibodies induced by immunization with unadjuvanted GP subunit vaccines seem to focus primarily on epitopes within the mucin-like domain of GP. However, in formulation with the Matrix-M adjuvant, immunization by GPadj-MN or GPadj-IM was able to induce high levels of neutralizing antibodies against epitopes in GP that are outside of the mucin-like domain.Figure 5Neutralization of EBOV-Makona GP, EBOV-Mayinga GP, and EBOV-Mayinga GP-MD pseudovirus infection. Mice (groups of 5) were vaccinated twice at 4-week intervals by MN delivery (GPadj-MN) or IM injection (GPadj-IM) of GP subunit vaccines in formulation with Matrix-M, or by MN delivery (GP-MN) or IM injection (GP-IM) of the same amount (5 µg) unadjuvanted GP subunit vaccines. The control group mice received IM injection of 50 µl PBS. Serum samples were collected at 2 weeks after the second immunization. Neutralizing activity of sera was determined by incubating 5 × 10^2^ pfu of Makona EBOV GP (**A**), Mayinga EBOV GP (**B**), or mucin-deleted Mayinga EBOV GP-MD (**C**) pseudotyped viruses with serial 3-fold dilutions of serum samples from each vaccinated mouse. Neutralization was measured as percentage decrease in luciferase expression compared to virus-naive mouse sera controls after 48 hours. Statistical analysis for differences between indicated groups (denoted by "a" through "g") were done by a a two-tailed unpaired t-test. a, GP-MN vs. GP-IM (1:900 dilution), p = 0.2561; b, GPadj-IM vs. GP-IM (1:900 dilution), p = 0.0329; c, GPadj-MN vs. GP-MN (1:900 dilution), p = 0.0343; d, GPadj-MN vs. GP-MN (1:900 dilution), p = 0.0661; e, GPadj-IM vs. GP-MN (1:900 dilution), p = 0.1679; f, GPadj-MN vs. GP-IM (1:900 dilution), p = 0.0161; g, GPadj-IM vs. GP-IM (1:900 dilution), p = 0.0242; h, GPadj-MN vs. Control (1:300 dilution), p = 0.0073; i, GPadj-IM vs. Control (1:300 dilution), p = 0.009; j, GP-MN vs. Control (1:300 dilution), p = 0.1915; k, GP-IM vs. Control (1:900 dilution), p = 0.0108.

Immunization with GP subunit vaccines by MN patches confers more effective protection against lethal EBOV challenge than IM injection {#Sec6}
-------------------------------------------------------------------------------------------------------------------------------------

To compare the protective efficacy of different immunization approaches against EBOV infection, vaccinated mice were challenged at 8 weeks after the second immunization with 10^3^ plaque-forming units (pfu) of mouse-adapted EBOV-Mayinga, a heterologous EBOV strain that differs from the EBOV-Makona by 20 amino acids in GP sequence. Mice were monitored daily for 36 days after challenge to record weight changes, disease symptoms, and survival rates. As shown in Fig. [6A](#Fig6){ref-type="fig"}, only 1 of 5 mice in the GP-IM group survived the challenge, similar to the control group. Notably, deaths in the control group occurred from day 4 to 7 after challenge whereas deaths in the GP-IM group were delayed and occurred from day 7 to 10. In comparison, 4 of 5 mice in the GP-MN group survived the challenge; 1 animal died on day 8 post challenge. On the other hand, all mice in the GPadj-MN group and the GPadj-IM group that were vaccinated with adjuvanted GP subunit vaccines survived the challenge. The differences in survival rate between these groups were analyzed by Log-Rank analysis of the Kaplan-Meier survival curves and shown to be statistically significant (p = 0.0018). Monitoring of body weight changes of each group showed that a progressive loss in average body weight of surviving mice was observed for both the control and the GP-IM group, correlating with the timing of animal deaths in each group. In addition, loss of body weight was observed for mice in the GP-MN group, despite protection of 80% of mice from death in this group. In comparison, no significant group body weight change was detected for the GPadj-MN group and the GPadj-IM group. Comparison of disease symptoms post challenge showed that the clinical scores for the control group and the GP-IM group increased quickly after challenge, whereas the clinical score for the GP-MN group increased moderately on Day 8 post challenge and then dropped to a lower level after Day 10 post challenge. Further, only a transient and slight increase in clinical score was observed for mice in the GPadj-MN and GP-adj-IM groups. These results show that immunization by GP-MN conferred more effective protection against EBOV infection than immunization by GP-IM. Moreover, immunization with GP subunit vaccines in formulation with the Matrix-M adjuvant was able to confer complete protection against EBOV infection by either MN patch delivery or IM injection.Figure 6Protective efficacy against lethal EBOV challenge. Mice (groups of 5) were vaccinated twice at 4-week intervals by MN delivery (GPadj-MN) or IM injection (GPadj-IM) of GP nanoparticles in formulation with Matrix-M, or by MN delivery (GP-MN) or IM injection (GP-IM) of the same amount (5 µg) unadjuvanted GP nanoparticles. The control mice received IM injection of PBS. At 8 weeks after the second immunization, mice were challenged by intraperitoneal injection with 10^3^ plaque-forming units (pfu) of mouse-adapted Mayinga EBOV, and monitored daily for survival, body weight changes, and disease symptoms. (**A**) Daily survival rate of mice in each group post challenge. Statistical analysis of the Kaplan-Meier survival curves after challenge was conducted by Log-Rank analysis (p = 0.0018). (**B**) Average body weight of surviving mice in each group were determined daily post challenge and expressed as the percentage of the average body weight of the same group of mice on Day 0 of challenge. (**C**) Average daily clinical scores of surviving mice in each group post challenge. Clinical scores were recorded based on observation of for following symptoms: dyspnea (0--12), recumbency (0--12), responsiveness (0--12), appearance (0--3), eye appearance (0--3), nasal discharge (0--2), feed consumption (0--4), stool (0--1), and fluid intake (0--2), with "0" being normal and higher scores being more severe.

Discussion {#Sec7}
==========

As a new vaccination technology, MN patches offer several advantages over conventional IM or SC injection methods by hypodermic needles with respect to vaccine stability, less pain during administration and thus increased acceptance, ease of use by self-administration, and elimination of biohazardous waste associated with hypodermic needle usage^[@CR17]--[@CR20]^. Over the past decade, MN patch-based delivery systems have been investigated for vaccination against a range of different diseases^[@CR26],[@CR27]^, and have evolved rapidly from preclinical testing in animal models into clinical trials in recent years^[@CR22],[@CR28]^. The focus of the present study is to investigate the utility of MN patches for vaccination with an EBOV GP subunit vaccine for the development of an effective and potentially thermally stable EBOV vaccine strategy.

Our results show that GP subunit vaccines can be successfully coated onto the solid-metal MN patches, and that the GP molecules retained their molecular integrity during the process of GP-MN preparation. By comparing immune responses induced by GP-MN vaccination and the conventional IM injection of the same dose of GP subunit vaccine in mice, we observed that immunization by GP-MN patches induced 4-fold higher levels of antibody responses against EBOV GP than IM injection. The antibody responses induced by GP-MN also exhibited higher levels of neutralizing activity against infection by Makona EBOV GP-mediated pseudovirus compared to GP-IM immunization. The skin system is rich in antigen presenting cells including Langerhans cells and dermal dendritic cells^[@CR29],[@CR30]^. Vaccination by MN patches could deliver vaccine antigens directly to these antigen-presenting cells for stimulation of immune responses^[@CR31]^. Some results from previous studies on MN patch delivery of inactivated influenza virus vaccines or influenza virus-like particles showed that MN patch vaccination induced similar levels of antibody responses against vaccine antigens as IM injection^[@CR27],[@CR32],[@CR33]^. Here we found that MN patch delivery of EBOV GP nanoparticles induced increased antibody responses by 4-fold compared with IM injection of GP. These results indicate that immunization by MN patches may be more effective in boosting the immunogenicity of purified protein antigens. Moreover, the antibody responses against GP induced by GP-MN exhibit improved durability, with only about 30% reduction at 16 weeks after the second immunization. In contrast, the antibody responses against GP induced by IM injection declined by more than 3-fold during the same period. Results from previous studies have shown that inducing durable immune responses by adenovirus viral vector-based vaccines was important for providing long lasting protection against lethal EBOV challenge^[@CR34],[@CR35]^. In recent clinical studies, it was reported that antibody levels peaked at 4 weeks after vaccination by adenovirus viral-vector based EBOV vaccines, leveled off at 8 weeks post vaccination with 2 to 4-fold decreases, and then remained stable until 48 weeks^[@CR36],[@CR37]^. Therefore, it will be of interest to investigate whether sustained antibody responses could be induced by MN delivery of GP subunit vaccines in nonhuman primates or humans for providing long lasting protection against EBOV infection.

We also investigated whether immunogenicity of GP-MN vaccines can be further augmented by formulation with an adjuvant, Matrix-M, a saponin based adjuvant that has been shown to effectively augment immune responses induced by IM immunization with the GP subunit vaccine^[@CR23]^. Our results showed that the GP in formulation with Matrix-M can also be coated onto solid metal MN patches, at comparable levels to GP subunit vaccine alone. Immunization studies in mice showed that vaccination by the adjuvanted GP-MN patches potently augmented induction of antibody responses against GP by about 8-fold compared to the unadjuvanted GP-MN patches, as similarly observed for IM injection. In further analysis of the IgG subclasses of antibody responses, we found that immunization by unadjuvanted GP nanoparticle vaccines by either MN patches or IM injection induced IgG1 but not IgG2a antibodies against GP. In contrast, immunization with adjuvanted GPadj-MN patches not only induced increased levels of IgG1 antibodies but also high levels of IgG2a antibodies against GP, similar to IM injection of the adjuvanted GP nanoparticles. Results from previous studies have shown that the saponin-based Matrix-M adjuvant may exert its adjuvant activity through activation of DCs and macrophages and recruitment of these cells to the draining lymph nodes^[@CR25]^ and it is highly effective for augmenting induction of immune responses by various subunit vaccines via IM injection in both animal models and human clinical trials^[@CR38],[@CR39]^. Our present results show that the Matrix-M retains its adjuvant activity when coated on MN patches, and is as effective to augment induction of both IgG1 and IgG2a antibodies in MN immunization as in IM immunization. In correlation with the induction of increased levels of antibodies against GP, sera from mice vaccinated by GPadj-MN or GPadj-IM exhibited higher levels of neutralizing activities against pseudoviruses containing GP from both the homologous Makona EBOV and the heterologous Mayinga EBOV GP compared to sera from mice vaccinated with unadjuvanted GP-MN or GP-IM. Further, sera from mice vaccinated by GPadj-MN or GPadj-IM also showed neutralizing activity against a pseudovirus containing a mucin-like domain-deleted GP from Mayinga EBOV (GP-MD), whereas sera from mice vaccinated with unadjuvanted GP-MN or GP-IM failed to neutralize this pseudovirus. These results suggest that the Matrix-M adjuvant also augmented induction of neutralizing antibodies against epitopes that are located outside of the mucin-like domain in GP.

The protective efficacies of various immunization regimens were evaluated against challenge by a mouse-adapted Mayinga EBOV, a heterologous EBOV strain that differs from the Makona EBOV by 20 amino acids in its GP sequence. Similar to the results from previous studies^[@CR23]^, IM immunization with unadjuvanted GP failed to protect vaccinated mice against the lethal EBOV challenge, whereas IM immunization with adjuvanted GP provided complete protection. In comparison, immunization with the unadjuvanted GP-MN was able to protect 80% of vaccinated mice against the lethal EBOV challenge, and immunization with adjuvanted GPadj-MN was able to confer complete protection against challenge. Moreover, it was observed that mice vaccinated with adjuvanted GP subunit vaccines by either MN vaccination or IM injection only exhibited very slight and transient disease symptoms after challenge, indicating that these vaccination approaches were able to confer effective protection against both morbidity and mortality by caused by EBOV infection. Taken together, the present results demonstrate that MN patches represent an attractive approach for EBOV vaccine development, offering enhanced immunogenicity over IM injection. Further, delivery of GP subunit vaccines in dry forms by MN patches may improve its thermal stability as having been observed for influenza vaccines in previous studies^[@CR21],[@CR22]^, and potentially overcome the cold-chain requirement for EBOV vaccine distribution. Further optimization of the MN vaccine delivery platform with respect to vaccine-adjuvant formulation and MN patch design and production will enable us to develop a safe, effective, and thermally stable vaccine against EBOV as well as other filoviruses.

Methods {#Sec8}
=======

Virus and biosafety {#Sec9}
-------------------

Mouse-adapted Mayinga EBOV stock was propagated in Vero E6 cells, and titered by a plaque assay before use for challenge studies^[@CR40]^. All experiments involving infectious EBOV were performed at the biosafety level 4 (BSL-4) facility at the Texas Biomedical Research Institute.

Cell lines, GP subunit vaccines, and adjuvant {#Sec10}
---------------------------------------------

293T cell and JC53 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Mediatech) supplemented with 10% fetal bovine serum (Hyclone, ThermoFisher) and 1% penicillin/streptomycin. Makona EBOV GP subunit vaccines were produced by Novavax Inc, in Sf9 insect cells using the recombinant baculovirus expression system under GMP conditions^[@CR23]^. The purified Makona EBOV GP has been shown to assemble into spherical particles that are composed of GP trimers. The adjuvant, Matrix-M, is a proprietary adjuvant from Novavax, which is produced by formulating purified saponin with cholesterol and phospholipid^[@CR23]^.

MN patch preparation and characterization {#Sec11}
-----------------------------------------

MN patches were fabricated from stainless steel sheets and then treated by electropolishing using methods described previously^[@CR41]^. Each MN patch contained a single row of five MNs. The individual MNs were measured to be 700 µm tall, with a cross-sectional area of 170 µm by 55 µm at the base and tapering to a sharp tip, and were prepared as described previously^[@CR27]^. Makona EBOV GP nanoparticles with or without the Matrix-M1 adjuvant were concentrated by Vivaspin™ 500 filters (Sartorius™) of 30 K MWCO at a centrifugal force of 15000 × g for 30 min at 5 °C. Concentrated Makona EBOV GP nanoparticles with or without the Matrix-M1 adjuvant was then diluted (1:1) with the excipient solution (30% w/v trehalose and 2% w/v carboxymethyl cellulose sodium in phosphate buffer saline (PBS). Coating of MN patches was carried out using a similar dip-coating process as described previously^[@CR27]^. To measure the amount of vaccine coated per MN patch, the vaccine coating on MN patches from each batch was dissolved into 200 µL of PBS. The protein concentration eluted in the solution was determined by a BCA protein assay (Pierce Biotechnology), and the quantity of vaccine antigen coated onto each MN patch was calculated. Vaccine antigens dissolved from MN patches were concentrated 10-fold using a protein concentrating column, and 1 µg of total protein were analyzed by SDS-PAGE followed by Western blot analysis in comparison with different amount of purified GP subunit vaccines. The amount of GP on MN patces was further determined by a quantitative ELISA. Briefly, vaccine antigens dissolved from MN patches were serially diluted and then used to coat a 96-well microtiter plate. In parallel, serial dilutions of purified GP with known concentrations were also coated onto the microtiter plate for generation of a standard curve. After coating, the wells were blocked by 5% BSA (bovine serum albumin) and the amount of GP coated in each wells of the plate was determined by ELISA using mouse-anti-GP antibodies (pooled sera from mice that had been vaccinated by EBOV GP DNA vaccines) as primary antibodies and HRP-conjugated goat-anti-mouse IgG antibodies as secondary antibodies. The amount of GP dissolved from MN patches was then calculated based on the standard curve generated using the purified GP.

Immunization, blood sample collection, and challenge of mice {#Sec12}
------------------------------------------------------------

Eight-week-old female BALB/c mice (Charles River Laboratory) were housed at the Emory University animal facility in standard microisolator cages (5 mice per cage). All animal studies were carried out in accordance with relevant guidelines and regulations and approved by the Institutional Animal Care and Use Committees (IACUC) of Emory University, Georgia Institute of Technology, and the Texas Biomedical Research Institute.

Each mouse was vaccinated with purified GP protein (5 µg) with or without Matrix-M1 adjuvant (5 µg) via MN patches or IM injection. For immunization by MN patches, the hair on the stomach of the mouse skin was removed before vaccination by application of depilatory cream (Nair, Church & Dwight Co. Inc.). Under anesthesia by ketamine and xylazine, the mouse stomach skin was lightly stretched by hand, and MN patches were pressed into the skin and held in position for 2 min. For IM immunization, the same amount antigen was dissolved in 50 µL PBS and injected into the hind legs. Another group of mice receiving IM injection of 50 µL PBS was used as control.

For the first immunization study (results presented in Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}), 3 groups of mice were used with 5 mice per group, a group size that could provide 80% power to detect significant differences if the levels of immune responses differ by more than 2-fold between groups and vary less than 50% within each group. All mice were housed at the Emory University animal facility, vaccinated twice at 4-week intervals (Week 0 and Week 4). Immunization by MN patches were carried out by inserting 3 MN patches (5.4 ug total GP) in parallel to each other to the mouse skin at the same time. Blood samples were collected at 2 weeks after the second immunization (Week 6) as well as 16 weeks after the second immunization (Week 20). All blood samples were collected by facial bleeding without anesthesia in accordance with IACUC guidelines and protocols, heat inactivated, and stored at −80 °C until analysis.

For the second immunization study (results presented in Figs [3](#Fig3){ref-type="fig"}--[6](#Fig6){ref-type="fig"}), 5 groups of mice were used with 5 mice in each group, a group size that could provide 80% power to detect significant differences if the survival rates between different groups differ by 80% or more. Mice were initially housed at the Emory University animal facility and vaccinated at Week 0 and Week 4, and blood samples were collected at Week 6. Immunization by GP-MN patches were carried out by inserting 6 MN patches (4.8 ug total GP) and immunization by GPadj-MN patches were carried out by inserting 8 MN patches (4.8 ug total GP) in parallel to each other to the mouse skin at the same time. After blood sample collection, vaccinated mice were shipped by certified courier to the Texas Biomedical Research Institute, and then challenged in its ABSL-4 facility at 8 weeks after the second immunization (Week 12). All mice were labeled with ear tags prior to shipment from Emory University, and the groups were randomly renamed to 1A, 1B, 2B, 2C, and 3C respectively (mice in each group were also individually marked with different colors on the tails) after entering into the ABSL-4 facility for blinded challenge. Mice were challenged by intraperitoneal injection with 10^3^ plaque-forming units (pfu) of mouse-adapted Mayinga EBOV. After challenge, mice were monitored for weight changes and signs of disease on a daily basis until day 36 post-challenge. Clinical scores were recorded based on observation of for following symptoms: dyspnea (0--12), recumbency (0--12), responsiveness (0--12), appearance (0--3), eye appearance (0--3), nasal discharge (0--2), feed consumption (0--4), stool (0--1), and fluid intake (0--2), with "0" being normal and higher scores being more severe. Mice with combined clinical scores over 12 were sacrificed by cervical dislocation under anesthesia based on IACUC endpoint. Mice that survived the challenge were sacrificed by cervical dislocation under anesthesia at the end of the study.

ELISA {#Sec13}
-----

EBOV GP-specific antibodies in individual mouse serum samples were measured by ELISA, using established protocols^[@CR40],[@CR42]--[@CR44]^. Briefly, the assays were performed in a 96-well plate coated overnight at 4 °C with Makona EBOV GP proteins at concentration of 1 µg/ml and then blocked with 5% BSA. Serial dilutions of serum samples were incubated at room temperature for 2 hours on coated and blocked ELISA plates, and the bound immunoglobulins were detected with HRP-conjugated goat-anti-mouse IgG, IgG1 or IgG2a secondary antibodies (Southern Biotechnology Associates). The wells were developed with tetramethylbenzidine (Sigma). The color reaction was stopped with hydrochloric acid (0.2 N), and the absorbance at 450 nm was determined by an ELISA reader. A standard curve was constructed by coating each ELISA plate with serial 3-fold dilutions of purified mouse IgG, IgG1 or IgG2a antibodies with known concentrations, and the concentrations of GP-specific antibodies in serum samples were calculated using obtained standard curves and expressed as the mass (ng) of antigen-specific antibody per volume (ml) of serum sample.

Pseudovirion neutralization assay {#Sec14}
---------------------------------

Neutralizing activity of sera from vaccinated mice was analyzed against pseudoviruses containing Makona EBOV GP, Mayinga EBOV GP, or a mucin-domain deleted Mayinga EBOV GP (GP-MD) as described in previous studies^[@CR42],[@CR44]^. Briefly, 293T-cells were co-transfected with an Env-defective HIV backbone plasmid and a plasmid in which the genes for Makona EBOV GP, Mayinga EBOV GP, or Mayinga EBOV GP-MD were cloned in the pCAGGS vector. Supernatants were harvested 48 hours after transfection using Fugene HD (Roche), clarified, and filtered using a 0.45μm pore filter, and pseudoviruses were titered by infecting JC53 cells, which express β-galactosidase and luciferase under a *tat* activated promoter, causing infected cells to turn blue with X-Gal staining^[@CR45]^. For determination of serum neutralizing activities, pseudoviruses (5 × 10^2^ pfu) were preincubated with serial 3-fold dilutions of heat-inactivated serum samples from each individual mouse and supplemented with heat-inactivated naive mouse sera (Innovative Research) so that 5% of the total volume was mouse serum. Pseudovirus-serum mixtures were then added to 50% confluent JC53 cells and incubated for 48 hours. Virus infection and neutralization was measured by a luciferase reporter assay, and neutralization was measured as the decrease in luciferase expression versus that for virus-naive mouse serum controls. Neutralizing activity is expressed as the percentage reduction of luciferase activity in sample wells, compared with luciferase activities in control wells with only naive mouse sera: \[(luciferase activity in control well-luciferase activity in sample well)/(luciferase activity in control well)\] × 100%.

Statistics {#Sec15}
----------

The statistical significance for antibody levels and neutralizing activities between different groups was calculated by a two-tailed unpaired t-test and *p* ≤ 0.05 was considered significant. Statistical analysis of Kaplan-Meier survival curves was done by Log-Rank analysis and *p* ≤ 0.05 was considered significant.
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